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Abstract  18 
Soil microorganisms exuding organic acids have the potential to solubilize inorganic 19 
phosphorus (P), which could improve the P availability to plants growing on calcareous 20 
soil. The gluconic acid exuding bacteria Pseudomonas protegens CHA0 can solubilize 21 
P under glucose rich in vitro conditions, but evidence on the effectiveness in soil is 22 
lacking. This discrepancy in P solubilization between in vitro and in vivo is common for 23 
many P solubilizing bacteria. Possible causes for this discrepancy are rarely explored 24 
in soil using mechanism oriented approaches. Proposed reasons for limitation of 25 
bacterial P solubilization in soil are low persistence of the inoculant or low glucose 26 
availability in the plant rhizosphere. To test these two hypotheses we investigated the 27 
solubilization of 33P labeled synthetic hydroxyapatite (Ca33P) by the gluconic acid 28 
producing P. protegens CHA0 wild type and the mutant strain CHA1198 lacking the 29 
capacity to produce this acid, in a plant growth experiment with wheat (Triticum 30 
aestivum) and an incubation experiment. Neither in the plant growth- nor in the 31 
incubation experiment solubilization of Ca33P by strain CHA0 was detected, in spite the 32 
inoculated strain persisted in the rhizoplane of wheat and in the sterilized soil amended 33 
with glucose. No detected P solubilization in the sterilized inoculated soil suggests that 34 
glucose availability was the main limiting factor. The comparison of the results obtained 35 
from the two bacterial inoculants suggested that overall microbial activity, i.e., via 36 
protonation due to respiration, increased inorganic P mobilization. P solubilizing 37 
bacteria should be evaluated using a tracer and an appropriate bacterial control in 38 
order to reveal the mechanisms involved in increased plant available P in soil 39 
inoculated with P solubilizing bacteria.  40 
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1. Introduction 41 
Inoculation of plants with phosphorus (P) solubilizing bacteria (PSB) is being proposed 42 
since the early last century as promising option to increase P availability to crops 43 
(Gerretsen, 1948; McDonald, 1989). Bacteria with P solubilizing ability are considered 44 
as a promising intervention to replace inefficiently used P fertilizers by crops especially 45 
on calcareous soils. However, scientific evidence from field trials is lacking (Goldstein, 46 
2007; Richardson and Simpson, 2011; Owen et al., 2015). Thus, there is a need to 47 
quantify P solubilization in calcareous soil by bacterial inoculants as a proof of their 48 
function. 49 
Low plant availability of P in calcareous soil often limits crop growth because P reacts 50 
with calcium phases under alkaline conditions by forming calcium-P precipitates, e.g., 51 
apatite, which are not available to crops (Frossard et al., 1995; Hedley and McLaughlin, 52 
2005). The dissolution of apatite in soil requires a source of proton, which can originate 53 
from the soil, from roots or microbes (Frossard et al., 1995). In alkaline soils, strong pH 54 
buffering in presence of CaCO3 hampers the dissolution of calcium-P by protonation 55 
(Bolan and Hedley, 1989). Subsequently, P is primarily solubilized from calcium-P 56 
through chelation of the Ca by low molecular weight organic acids such as gluconic 57 
acid (Bolan et al., 1994; Kpomblekou-A and Tabatabai, 1994). Thus, bacteria 58 
synthesizing organic acids are considered as PSB (Khan et al., 2009; Jones and 59 
Oburger, 2011). Some gram-negative bacteria are commonly efficient PSB because of 60 
direct oxidation of glucose in the periplasmic space (Goldstein et al., 1999), being an 61 
alternative pathway to the direct transport of glucose across the inner membrane 62 
(Singh et al., 2016). The gluconic acid produced via oxidation of glucose in the 63 
periplasmic space enters either the intercellular space or moves into the extracellular 64 
space together with a proton (Goldstein, 1995; Nikel et al., 2015). In alkaline soil, the 65 
chelation reaction is considered as the main driver for P solubilization while the proton 66 
is buffered at this high pH range (Goldstein et al., 1999; Deubel et al., 2000). The direct 67 
oxidative glucose pathway has further been shown to be involved in the biosynthesis of 68 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
   
4 
several secondary metabolites, including antimicrobial compounds improving plant 69 
growth in the presence of soil borne pathogens, as demonstrated for Pseudomonas 70 
protegens strain CHA0 (De Werra et al., 2009). Thus, an increase in plant P uptake 71 
following inoculation with gram-negative PSB can be either due to soil P solubilization 72 
by gluconic acid or indirectly due to improved plant health and growth in response to 73 
bacterial secondary metabolites. Therefore, the P solubilization potential of PSB should 74 
only be tested in soil-plant systems using the 33P radioisotope labelling approach that 75 
allows distinguishing between direct and indirect effects of the inoculant on increased 76 
plant P uptake.  77 
In the isotopic dilution approach, the plant available soil P pool is labeled with 33P and 78 
microbial mobilization of non-labeled soil P is deduced from increased dilution in the 79 
specific activity (33P/31P) in soil solution or in plant shoots (Meyer et al., 2017). An 80 
efficient PSB is thus expected to decrease the specific activity by solubilizing inorganic 81 
P (Asea et al., 1988; Barea et al., 2007; Frossard et al., 2011). In our previous study 82 
(Meyer et al., 2017), the slight increase in P uptake of ryegrass (Lolium multiflorum) 83 
following inoculation with Pseudomonas protegens CHA0 could be assigned to other 84 
positive effects than P mobilization from soil or fertilizer, owing to the isotopic dilution 85 
approach. However, with the isotopic dilution approach inorganic P solubilization can 86 
not be separated from organic P mineralization, which is another process of microbial P 87 
mobilization. This limitation is of special concern because strain CHA0 suppressed the 88 
activity of soil endogenous microorganisms as indicated by soil respiration. In 89 
consequence, all potentially solubilized P by strain CHA0, even if little, could have been 90 
masked by the overall reduction of microbial P mobilization. This limitation can be 91 
overcome by labeling the added P source instead of the plant available soil P pool, 92 
which enables to track the fate of solubilized P in a soil-microbe-plant system and in 93 
turn to quantify P solubilization from a specific source of interest. Azcon-Aguilar et al. 94 
(1986) used this tracer approach to assess P solubilization from 33P-tricalcium 95 
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phosphate by two bacterial strains in calcareous soil and did not detect any P 96 
solubilization. 97 
In our previous study (Meyer et al., 2017), the inability of the strain CHA0 to increase P 98 
mobilization in soil was mainly assigned to poor persistence in presence of other soil 99 
biota, a reason often mentioned for poor performance of PSB (Kucey et al., 1989; 100 
Bashan, 1998; Richardson, 2001; O’Callaghan, 2016). Another possible limiting factor 101 
for the effectiveness of PSB is limited substrate availability (Kucey et al., 1989), such 102 
as glucose, the precursor of gluconic acid for gram-negative bacteria using the direct 103 
oxidative pathway (Goldstein, 1995). In soil, dissolved organic carbon is an important 104 
source of monosaccharides. The concentrations of monosaccharides, e.g., glucose, 105 
mannose and fructose, ranges from 1.5 to 39 mg C kg-1 soil, depending on the 106 
ecosystem (Gunina and Kuzyakov, 2015). However, an even more important source of 107 
monosaccharides in soil are the roots of plants, which exude up to 12 mg C g-1 soil 108 
organic carbon within 10 days (Kuzyakov and Domanski, 2000; Spohn et al., 2013). 109 
The fraction of glucose in root exudates represents 40-50% and is plant species related 110 
(Hütsch et al., 2002). Plants are not only a source of glucose, but also affect the activity 111 
of rhizospheric bacteria via signaling (Maurhofer et al., 1995; Goldstein et al., 1999; De 112 
Werra et al., 2008). For example, wheat (Triticum aestivum cv Arina) triggers the 113 
synthesis of secondary metabolites in P. protegens CHA0 (De Werra et al., 2008) and 114 
is considered a host-plant for P. protegens (Meyer et al., 2010).  115 
In this study, the potential of P. protegens CHA0 to solubilize calcium-33P was 116 
quantified in a calcareous soil by successive elimination of microbial competition and 117 
glucose limitation. First, we hypothesized that P solubilization by P. protegens CHA0 is 118 
reduced due to lack of persistence because of competition with soil endogenous 119 
microorganisms via prey-predator or for resources (hereafter referred to as 120 
“persistence hypothesis”). After having eliminated microbial competition, we then 121 
hypothesized that low glucose availability in the wheat rhizosphere limits the potential 122 
of P. protegens CHA0 to solubilize calcium-33P in the calcareous soil via chelation by 123 
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gluconic acid (hereafter referred to as “glucose hypothesis”). High amounts of organic 124 
C compounds promotes microbial activity and possibly leads to calcium P dissolution 125 
due to acidification in response to microbial respiration and proton extrusion (Goldstein 126 
and Krishnaraj, 2007). In calcareous soil, carbonic acid derived from dissolved CaCO3 127 
(Blum and Skylberg, 2011) can contribute to the dissolution of Ca33P. Therefore, we 128 
included a non-solubilizing mutant of strain CHA0 to account for P solubilization caused 129 
by overall microbial activity.  130 
This study contributes to the understanding of the currently low success of 131 
commercially available PSB by combining the use of an isotopic tracer, the model 132 
strain P. protegens CHA0 and its non- solubilizing mutant. 133 
2. Materials and Methods 134 
The persistence hypothesis was tested in a plant growth experiment while the glucose 135 
hypothesis was tested in an incubation experiment. Both experiments were cross-136 
factorial with two factors of experimental manipulation, i.e., bacterial inoculants and soil 137 
sterilization in the plant growth experiment and bacterial inoculants and glucose 138 
addition in the soil incubation experiment. In both experiments, we used the same 139 
calcareous soil fertilized with synthetic hydroxyapatite (Ca33P) and inoculated either 140 
with the P solubilizing inoculant (PSI) or with a non-solubilizing inoculant (NSI) or left 141 
un-inoculated (UI) (Table 1).  142 
In the plant growth experiment wheat (Triticum aestivum cv. Arina) was grown for 20 143 
days on non-sterilized and on sterilized soil. The plant and soil P pools were analyzed 144 
for Ca33P derived P.  145 
The incubation experiment with sterilized calcareous soil lasted 10 days, including 146 
three sampling time points (after 2, 4 and 10 days). The sterilized soil was either left 147 
un-amended (-G) or was amended with glucose (+G). Glucose was added at a dose of 148 
306 mg C kg-1 soil being equal to a maximal expected exudation rate by roots during 10 149 
days of growth according to Kuzyakov and Domanski (2000) and Spohn et al. (2013). 150 
At each sampling time we analyzed soil P pools for Ca33P derived P. 151 
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2.1. Soil 152 
The same slightly alkaline calcareous soil as in the study of Meyer et al. (2017) was 153 
used, which had been collected from the non-fertilized border strip of a field experiment 154 
described by Gallet et al. (2003). It contained less than 1 mg water-extractable P kg-1 155 
soil, a concentration in the soil solution that limits plant growth (Yli-Halla, 2016). For 156 
this study, sieved (2 mm) and air-dried soil was mixed with fine coarse sand (0.7 to 1.2 157 
mm) at a ratio of 1 to 1 (w:w). The soil-sand mixture had a total P content of 480 mg k-1, 158 
a clay content of 105 g k-1, a CaCO3 content of 21 g k-1 and pH of 7.4 and was either 159 
sterilized or not (Table S 1). Following soil sterilization water-extractable P increased 160 
from 0.8 to 1.9 mg P kg-1 soil and dissolved organic carbon from 30 to 172 mg C kg-1. 161 
The sterilized soil and the non-sterilized soil were prepared the same way, except that 162 
the non-sterilized soil was pre-incubated in the dark for 15 days at 25% water holding 163 
capacity (WHC, 66 g H2O kg-1 soil). A P-free nutrient solution was added to the soil at 164 
the beginning of the experiments, which introduced 232 mg N (as NH4NO3), 150 mg K 165 
and 24 mg Mg kg-1 soil and adequate amounts of S, Ca, Fe, B, Mn, Cu, Mo and Zn for 166 
plant growth. 167 
2.2. Synthesis of calcium-P fertilizer 168 
Calcium-33P was produced by a wet chemical process for the synthesis of 169 
hydroxyapatite nanoparticles following the method of Wang et al. (2010) with some 170 
modifications of the washing and aging steps. Calcium nitrate [Ca(NO3)2·4H2O] was 171 
used as Ca source and diammonium P [(NH4)2HPO4] as P source. For the synthesis of 172 
Ca33P, carrier-free 33P-orthophosphate (Hartmann Analytic, Braunschweig, Germany) 173 
was added to the diammonium P solution at a rate of 10.8 mCi g-1 P while stirring the 174 
latter. The initial pH of the 0.3M Ca- and P- solutions was adjusted to 10.00 with 175 
aqueous ammonia (NH4OH). Polyethylene glycol (PEG-12000) at 3 wt.% was added to 176 
the Ca-solution and the mixture was heated up to 40 °C and stirred at 400 rpm.  177 
Every 30 second 1 ml of the 33P-diammonium P solution was added into the Ca-178 
mixture. After aging for 24h, the solution was centrifuged at 3075 g and the product 179 
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was washed four times with water and finally with ethanol (Cengiz et al., 2008). The 180 
supernatant after each centrifugation step was discarded. The final product was dried 181 
over night at 70 °C followed by calcination at 700 °C for 2 h in a muffle furnace. The 182 
product was finally grinded using a mortar.  183 
The qualitative X-ray diffraction pattern of Ca31P revealed crystalline phases of 184 
hydroxyapatite (Ca10(PO4)6(OH)2, ICSD 01-072-1243) (Figure S 1), but the presence of 185 
some tricalcium P and amorphous P could not be excluded. The P concentration of the 186 
synthesized Ca33P was 201 mg P g-1 dry matter (DM) with a specific activity of 304 Bq 187 
µg-1 P. The synthesized Ca33P was almost insoluble in water (0.5% of total P), while the 188 
largest P fraction was extractable with 1M HCl (88% of total P) (Table S 2). Fertilization 189 
with Ca33P resulted in a high dose of radioactivity (2.8 mCi kg-1 soil) which was required 190 
for an accurate measurement of 33P in plant extracts due to expected low plant P 191 
uptake from Ca33P by wheat together with the half life time of 25 days for the 33P 192 
radioisotope.  193 
To avoid any microbial contamination of the fertilizer the product was sterilized. 194 
Portions of Ca33P or Ca31P equal to 34 mg P kg-1 soil were weighted into 1 ml glass 195 
vials, covered with aluminum foil and heated up to 200 °C for 2 h in a muffle furnace. 196 
The fertilizer was incorporated into the soil on a sterile bench to prevent microbial 197 
contamination, using sterile working practices. 198 
2.3. Inoculant 199 
Two strains of Pseudomonas protegens differing in their glucose metabolism were 200 
used as inoculants, the strain CHA0 (Stutz et al., 1986) and its otherwise isogenic in-201 
frame deletion mutant (∆gcd ∆gad) CHA1198 from the study of De Werra et al. (2009). 202 
The strain P. protegens CHA0 produces a range of antimicrobial compounds (Haas 203 
and Defago, 2005) and gluconic acid by the glucose pathway (De Werra et al., 2009). 204 
Gluconic acid production makes this strain an efficient P solubilizer under in vitro 205 
conditions (De Werra et al., 2009; Meyer et al., 2017). The rifampicin-resistant mutant 206 
of P. protegens CHA0 was used in this study, which shows identical growth in vitro, 207 
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gluconic acid production, stress resistance and root-colonization as the wild type 208 
(Troxler et al., 2012) and will be referred to as wild type or P solubilizing inoculant (PSI) 209 
hereafter. 210 
Strain CHA1198 is a mutant in which the gluconic acid (∆gcd) and the 2-ketogluconate 211 
(∆gad) synthesis pathways are impaired and thus it is unable to solubilize P via 212 
gluconic acid-mediated Ca chelation (De Werra et al., 2009), which was confirmed by a 213 
P solubilization assay on solid National Botanical Research Institute's phosphate 214 
growth medium (NBRIP) (Nautiyal, 1999) (Figure S 2). In contrast to the wild type, the 215 
mutant CHA1198 is lacking rifampicin-resistance and will be referred to as mutant or 216 
non-solubilizing inoculant (NSI) hereafter. 217 
The two strains were consecutively cultivated on solid King's B medium (King et al., 218 
1954) and in Luria broth (Sambrook and Russell, 2001) as described in Meyer et al. 219 
(2017), with the exception that the antibiotic rifampicin was not used for the cultivation 220 
of the mutant (NSI). Cells were washed twice in 0.9% NaCl solution and resuspended 221 
in autoclaved water. Bacterial cell density was set based on optical cell density 222 
measurements according to De Werra et al. (2009). In the plant growth experiment, a 223 
final concentration of 7 log10 colony forming units (CFU) g-1 soil was established by 224 
inoculating 6.8 ml cell suspension per 0.5 kg soil. For the incubation experiment, a final 225 
concentration of 9 log10 CFU g-1 soil was inoculated by adding 4.5 ml cell suspension 226 
per 0.14 kg soil. Such a high cell density was inoculated to attain an initial microbial P 227 
content similar to the endogenous soil microbial biomass of the non-sterilized soil. 228 
2.4. Plant growth experiment 229 
For the plant growth experiment sterilized and non-sterilized soil was used to study P 230 
solubilization by bacterial inoculants from Ca33P in presence or absence of soil 231 
endogenous microorganisms. Wheat (Triticum aestivum cv Arina) was grown in 0.5 L 232 
pots containing 500 g dry soil fertilized with a P-free nutrient solution (see 2.1). For the 233 
sterilized treatments, dry soil was filled into 0.5L plastic containers and the P-free 234 
nutrient solution added. The pots containing soil and P-free nutrient solution were then 235 
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subjected to γ-irradiation at nominally 20 to 60 kGy, which resulted in a measured dose 236 
between 37.4 and 40.2 kGy. Almost dry soil, with a water content of 30 mg H2O kg-1 237 
soil derived from the P-free nutrient solution, was exposed to γ-irradiation to reduce 238 
changes in soil chemical properties (McNamara et al., 2003). For the non-sterilized 239 
treatments, the pre-incubated soil (see 2.1) was used. Thereafter, pots with sterilized 240 
and non-sterilized soil were prepared in the same way. Briefly, 0.083 g of sterilized 241 
Ca33P (Table S 2) was mixed into the soil by shaking the sealed pot for 30 sec. The 242 
added quantity of Ca33P resulted in a P dose of 34 mg P kg-1 soil and a total activity of 243 
103 MBq kg-1 soil. Thereafter, the cell suspensions of the mutant (NSI) or the wild type 244 
(PSI) P. protegens were added as inoculum resulting in a density of 7 log10 CFU g-1 soil 245 
or an equal volume of sterile water for the uninoculated treatments. The final 246 
gravimetric water content of the soil was adjusted to 17.5 % using autoclaved water. 247 
The soil was mixed again using autoclaved plastic spatula. Immediately afterwards, 248 
four pre-germinated wheat seedlings were planted. Each treatment was replicated four 249 
times. 250 
Pre-germination took place on 5% water agar in the dark at 23 °C for three days. 251 
Surface sterilization of the seeds involved soaking for 15 min in 6% sodium 252 
hypochlorite (NaClO), followed by thorough rinsing with sterilized water.  253 
To prevent aerial microbial contamination, all pots were placed into autoclaved 254 
transparent sun bags (320 x 450 mm, Sigma-Aldrich) with a 0.2 µm pore size 255 
membrane (36 x 36 mm) allowing gas exchange (Walker and Vestberg, 1994).  256 
Plants were grown for 20 days in the glasshouse with a mean day/night temperature of 257 
20/15 °C and a photoperiod of 12 h supplemented with artificial light of maximally 500 258 
µmol m-2 s-1. The growth period was restricted to 20 days due to the radioactive decay 259 
of the expected small amount of 33P in the shoots of the seedlings. 260 
2.5. Incubation experiment 261 
For the soil incubation experiment sterilized soil was used to study P solubilization by 262 
the bacterial inoculants from Ca33P as affected by glucose addition. The sterilized soil 263 
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was prepared as for the plant growth experiment, but only 140 g soil dry weight 264 
equivalents were filled into each plastic container. The sterilized soil was then fertilized 265 
with 0.0219 g Ca 33P resulting in a P dose of 34 mg P kg-1 soil and a total radioactivity 266 
of 103 MBq kg-1 soil. Following mixing for 30 sec., the soil was inoculated with the cell 267 
suspension of PSI or NSI to reach a cell density of 9 log10 CFU g-1 soil or the equal 268 
volume of autoclaved water (UI). For the glucose addition treatment (+G) 5 ml 269 
autoclaved D-glucose solution was added to 0.14 kg soil to reach a concentration of 270 
306 mg C kg-1 soil. Treatments without glucose (-G) received an equal volume of 271 
autoclaved water. The gravimetric water content in all containers was adjusted to 17.5 272 
% using autoclaved water. Finally, the soil was mixed using a sterile plastic spatula and 273 
split into four equal portions, which were transferred to 125 ml γ-irradiated plastic 274 
containers for destructive soil sampling at different incubation times. Subsequently, 275 
each treatment consisted of four independent replicates per time point. Containers 276 
were closed with a sealing and a screw cap and incubated in the glasshouse protected 277 
from light. For soil respiration measurements, the soil was prepared as for the 278 
incubation experiment but was fertilized with Ca31P instead of Ca33P. Each treatment 279 
consisted of four replicates. 280 
2.6. Analyses 281 
2.6.1. Shoot P content 282 
Wheat shoots and roots were harvested 20 days after transplantation at the 4-leaf 283 
growth stage. Shoots were cut at 0.5 cm above the soil surface and dried at 60 °C for 284 
72 h to determine dry matter (DM) yield. For P concentration and 33P activity 285 
measurements, the shoot samples were incinerated and digested using hot HNO3 286 
(Nanzer et al., 2014). The 31P concentration in the extract was determined 287 
colorimetrically using malachite green (Ohno and Zibilske, 1991) and the 33P by liquid 288 
scintillation counting (TRI-CARB 2500 TR, liquid scintillation analyzer, Packard 289 
Instruments, Meriden, CT). The activity in the extracts was corrected for the 33P decay 290 
back to day 0, the day of fertilization, planting and inoculation. 291 
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2.6.2. Soil P analysis 292 
The soils of the plant growth- and incubation experiments were extracted to study the 293 
effect of inoculants on P pool sizes and on the fate of the Ca33P. 294 
Water-extractable P (Pw, mg P kg-1 soil) and water-extractable radioactivity (rPw, Bq g-1 295 
soil) were measured after shaking 10 g dry soil equivalent in 100 ml H2O on an end-296 
over-end shaker at 15 rpm for 16h. The soil suspension was then filtered using a 0.2 297 
µm Millipore membrane. Anion exchange resin-extractable soil P (Pres) and hexanol 298 
labile microbial P (Pmic) were extracted as described in Meyer et al. (2017) following 299 
Kouno et al. (1995) and McLaughlin et al. (1986). The P concentration and the activity 300 
in the soil extracts were measured as for shoot P analysis. All measurements were 301 
assigned to the filtration time (Pw) or resin removal time (Pres and Pmic), which was 302 
either 23 days in case of the plant growth-, or 2, 6 and 10 days in case of the soil 303 
incubation experiment. The radioactivity in the extracts was corrected for the 33P decay 304 
back to day 0, the day of fertilization, inoculation and glucose addition. 305 
2.6.3. Soil respiration 306 
Soil respiration was measured for the treatments of the incubation experiment by 307 
trapping CO2 released from 25 g dry soil equivalent in a 0.1M NaOH trap, followed by 308 
titration with 0.1M HCl (Alef, 1995).  309 
2.6.4. Bacterial colonization of roots and soil  310 
Three types of agar media were used to quantify the number of cultivable bacterial 311 
cells in soil and root suspensions. The colony forming units (CFU) of the wild type (PSI) 312 
strain were determined by plating soil or root suspension on King’s B agar media 313 
containing four antibiotics (KB+++rif; cycloheximide, chloramphenicol, ampicillin and 314 
rifampicin at a concentration of 1 ml L-1, 0.13 ml L-1, 0.4 ml L-1 and 2 ml L-1, 315 
respectively) according to De Werra et al. (2009). The same media and antibiotics 316 
(KB+++), except rifampicin, were used to assess the cell numbers of the mutant (NSI) 317 
strain and of resident pseudomonads in non-sterilized un-inoculated soils. Generally, 318 
all root and soil suspensions of all treatments of both experiments were plated on both 319 
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KB+++ and KB+++rif. Possible bacterial contaminations in sterilized uninoculated 320 
treatments was checked by plating root and soil suspensions on universal nutrient agar 321 
(NA) medium. The following bacterial habitats were defined: i) the rhizoplane; cells 322 
growing on the root surface, ii) the planted soil; cells growing near the roots and iii) the 323 
bulk soil; cells growing in incubated soil without root contact. 324 
2.7. Calculations 325 
Shoot dry matter (DM) per pot was expressed in g DM kg-1 soil for reasons of 326 
comparison with the results of the soil P pool measurements. Shoot P uptake was 327 
calculated by multiplying shoot DM with shoot P concentration (Pconc, mg P g-1 DM) as 328 
follows: 329 
P uptake mg P kg-1soil = shoot DM × Pconc (1) 
Microbial P (Pmic) was calculated as the difference between P extracted from the 330 
hexanol fumigated (Pfum) and the non-fumigated (Pres) subsamples and corrected for 331 
sorption of released 31P as follows: 332 
Pmic mg P kg-1soil = 
Pfum - Pres
Prec31
 
(2) 
The correction factor 31Prec stands for the recovery of a 31P spike in non-fumigated soil 333 
samples (Bünemann et al., 2004). The recovery factor was constant for 1, 5 and 10 mg 334 
P kg-1 soil 31P spikes allowing using a 31Prec of 0.8 for all treatments. Microbial P was 335 
calculated only when Pfum and Pres were significantly different (t-test, p<0.05), 336 
otherwise the value was set to not detectable (n.d.). 337 
2.8. General 33P calculations 338 
The specific activity (SA) in shoots or a given soil P pool is expressed as follows: 339 
SA Bq µg-1P = 
P33
P31
 
(3) 
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Where 31P is the P concentration in a given P pool (µg P kg-1 soil) and 33P for the 340 
activity (Bq kg-1 soil) in a given P pool (Frossard et al., 2011). 341 
The relative proportion of P derived from the Ca33P fertilizer (%Pdff, %) in a given P 342 
pool is calculated according to Frossard et al. (2011): 343 
%Pdff % = 
SAPool
SACaP
× 100 (4) 
Where SAPool denotes the SA obtained for a given P pool in soil or plant and SACaP 344 
stands for the SA of the Ca33P fertilizer being equal to 304 Bq µg-1 P. The %Pdff of a 345 
given P pool is multiplied by the P pool size to obtain Pdff in mg P kg-1 soil.  346 
The P derived from the soil (Pdfs) was obtained by subtracting the Pdff from the P pool 347 
size:  348 
PdfsPool mg P kg-1 soil =  PPool31  - PdffPool (5) 
In plant shoots, the Pdf soil also includes P derived from the seed. 349 
The %Pdff in Pmic was calculated only when the activity of Pfum and Pres were 350 
significantly different (t-test, p<0.05), otherwise the value was set to not detectable 351 
(n.d.). 352 
The recovery of applied Ca33P fertilizer in a given P pools is then calculated as: 353 
Fertilizer recovery  % = 
PdffPool
PCaP
× 100 (6) 
Where PdffPool stands for P derived from the Ca33P fertilizer in a given P pool 354 
expressed in mg P kg-1 soil and PCaP for the quantity of P applied to the soil with the 355 
Ca33P fertilizer, which was 34 mg P kg-1 soil. 356 
2.9. Statistics 357 
Data of the plant growth experiment were analyzed by two-way ANOVA with the factors 358 
soil (S), inoculant (I), and soil × inoculant interaction (S × I). The incubation experiment 359 
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was analyzed by two-way ANOVA with the factors glucose (G), inoculant (I), and 360 
glucose × inoculant interaction (G×I). Tukey Honest Significant Differences test was 361 
used for multiple comparison whenever ANOVA indicated significant interaction effect 362 
at p<0.05. When ANOVA indicated significant main effects at p<0.05, the simultaneous 363 
tests for general linear hypothesis based on Tukey-contrast was used to compare 364 
levels of the factor inoculant within each level of the factor soil (S) or glucose (G). Data 365 
of respiration measurements were analyzed using repeated measure ANOVA with 366 
factors glucose (G), inoculant (I), time (t) and glucose × inoculant × interaction (G×I×t). 367 
Time effect on soil P pool sizes within a treatment was analyzed by one-way ANOVA 368 
with factor time. Data which did not fulfill the assumption of ANOVA were transformed 369 
using the Box-Cox power transformation (Box and Cox, 1964). Error bars denote the 370 
standard deviation of n=4 treatment replicates, unless otherwise stated. Statistical 371 
analysis was done with R (R Core Team, 2014). 372 
3. Results 373 
3.1. Phosphorus solubilization in the plant growth experiment with sterilized 374 
and non-sterilized soil  375 
3.1.1. Plant growth and phosphorus uptake from fertilizer and soil 376 
Soil sterilization significantly affected plant growth and plant P uptake, while inoculation 377 
with the P solubilizing inoculant (PSI) or the non-solubilizing inoculant (NSI) showed 378 
little effect on wheat growth and no effect on shoot P uptake (Table 2).  379 
The shoot biomass was significantly lower on the sterilized than on the non-sterilized 380 
soil (0.4 vs 0.3 g DM kg-1 soil) while the root biomass was significantly higher (Table 2). 381 
This resulted in a greater root to shoot ratio when wheat grew on the sterilized soil. 382 
Overall, the bacterial inoculants increased DM, although this effect was only significant 383 
for the NSI. Shoot P uptake was greater on the non-sterilized soil than on the sterilized 384 
soil (average of 1.06 vs. 0.91 mg P kg-1), while inoculation did not affect plant P uptake. 385 
The fraction of P in shoots derived from the fertilizer (%Pdff) was not affected by 386 
inoculation with the PSI or the NSI, but was significantly (p<0.001) lower for plants 387 
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grown on the sterilized than the non-sterilized soil (average of 5.0 ± 1.9% vs 0.8 ± 0.2% 388 
of shoot P uptake, data not shown). These fractions corresponded to a P uptake from 389 
the fertilizer (Pdff) of 0.007 mg P kg-1 soil on the sterilized and of 0.053 mg on the non-390 
sterilized soil (Figure 1). Thus, the recovery of the applied fertilizer P (FRec) in the 391 
shoots was an average of 0.02% on the γ-irradiated and an average of 0.16% on the 392 
non-sterilized soil. 393 
[Table 2, Figure 1] 394 
3.1.2. Size of the soil phosphorus pools and soil pH in the plant-soil system 395 
Soil P pools and soil pH in the plant-soil system were not affected by any of the 396 
inoculants. In contrast, soil sterilization affected these soil properties significantly. At 397 
the end of the 20 days lasting plant growth experiment, the soil P pools Pw and Pres 398 
were about two times greater in the sterilized than in the non-sterilized soil (Table 3). 399 
The microbial P in the sterilized soil was close to zero, while in the microbiologically 400 
active soil Pmic was on average 4.7 ± 0.7 mg P kg-1 soil (Table 3). After plant harvest, 401 
the soil pH in the sterilized treatments (pH 7.4) was slightly, but significantly (p<0.05) 402 
greater than in the non-sterilized treatments (pH 7.3). Inoculation did not affect soil pH 403 
(data not shown). 404 
Inoculation did not affect the P derived from fertilizer in the water-extractable P (PdffPw) 405 
(Table 3). In contrast, the %PdffPw was significantly (p<0.001) lower in the sterilized 406 
(5.3%) than the non-sterilized soil (9.3%). However, as Pw had increased due to γ-407 
irradiation, fertilizer P in Pw was significantly (p<0.05) greater in sterilized (0.09 mg P 408 
kg-1 soil) than in the non-sterilized soil treatments (0.07 mg P kg-1 soil). Overall, fertilizer 409 
P in Pres was slightly affected by inoculation depending on soil treatment with little 410 
difference between the inoculants. Only on the sterilized soil, the resulting fertilizer 411 
recovery in Pres was significantly lower in the UI treatment (3.5%) than in the PSI 412 
treatment (4.6%). The estimated PdffPmic suggested that only in the non-sterilized UI 413 
treatment 0.5 ± 0.2 mg P kg-1 soil of fertilizer P was immobilized by the soil 414 
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endogenous microorganisms, while no fertilizer P could be detected in the microbial P 415 
pools of other treatments (Table 3). 416 
[Table 3] 417 
3.2. Phosphorus solubilization in the incubated sterilized soil with or without 418 
glucose addition 419 
In the sterilized incubated soil, the P concentration in the water-extract of the un-420 
inoculated (UI) treatments was at about 2.0 mg P kg-1 soil and remained constant over 421 
the incubation period of 10 days (Figure 2). Soil inoculation with the wild type (PSI) or 422 
the mutant (NSI) bacterial strain resulted in a significant increase in Pw to 2.2 mg P kg-1 423 
soil, mainly from day 6 onwards, but in a decrease when glucose was added, to 1.7 mg 424 
P kg-1 soil at day 2. Only when no glucose was added, the effect of inoculation 425 
remained significant over the entire incubation period. 426 
In the control treatment -G/UI at day 2, 10% of the Pw derived from the fertilizer, which 427 
was equal to 0.2 mg P kg-1 soil (Figure 2) or 0.59% of the total added fertilizer P. In 428 
both inoculated treatments (-G/PSI and -G/NSI) the %PdffPw was with an average of 429 
15% significantly (p<0.001) greater than that in the un-inoculated soil (Figure 2). 430 
Therefore, significantly (p<0.001) more fertilizer P (+0.36%) was recovered in Pw of the 431 
inoculated (-G/PSI and -G/NSI) than in the -G/UI treatment. The effect of inoculation on 432 
%PdffPw at day 2 was more pronounced when glucose was added. This increase 433 
corresponded on average to 1.35% of the added fertilizer P being found in Pw of the 434 
+G/PSI and +G/NSI treatments at day 2. Overall, fertilizer P recovery in Pw decreased 435 
during the incubation period, as did the effect of inoculation and glucose addition. 436 
[Figure 2] 437 
The Pres pool was on average13.9 mg P kg-1 soil in both UI treatments with sterilized 438 
and non-sterilized soil and was stable over time (Figure 3). Inoculation did affect Pres 439 
depending on glucose addition. In both inoculated treatments receiving no glucose, 440 
Pres was significantly (p<0.01) greater (+0.5 mg P kg-1 soil) than in the corresponding 441 
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uninoculated soil (-G/UI) at day 10. The opposite trend on Pres was observed in the 442 
soils with glucose addition (Figure 3), where Pres immediately decreased by 3.7 mg P 443 
kg-1 soil at day 2 when inoculated, before it reached similar Pres values as in the UI 444 
control treatments from day 6 onwards.  445 
Overall, effects of inoculation on fertilizer P in Pres were small and not significant 446 
(Figure 3). The fertilizer recovery in Pres tended to be lower in the +G treatments and 447 
was not affected by inoculation. 448 
The microbial P in the inoculated soils was mainly affected by glucose addition to the 449 
soil with effects lasting over the entire incubation period. It was on average 7.5 mg P 450 
kg-1 soil in the inoculated treatments without glucose addition (-G/NSI and -G/PSI), 451 
while it was on average 9.4 mg P kg-1 soil in the treatments with glucose (+G/NSI and 452 
+G/PSI) (Figure S 3). Overall, microbial immobilization of fertilizer P was low (Figure S 453 
3). In the +G/PSI and +G/NSI treatments at day 10, on average 0.6 ± 0.2 mg P kg-1 soil 454 
of P fertilizer were recovered in Pmic (Figure S 3).  455 
Soil pH of the soil incubated for 10 days was significantly affected by the inoculation. In 456 
the PSI and NSI treatments the soil pH was about 7.55, which was significantly 457 
(p<0.001) higher than in the UI treatment (7.38). Further, glucose addition slightly, but 458 
significantly (p<0.01) decreased soil pH from 7.53 (-G) to 7.45 (+G). 459 
[Figure 3] 460 
3.3. Respiration of incubated soils 461 
Glucose addition increased soil respiration in the inoculated soils, most prominently at 462 
the onset of the incubation experiment (Figure 4). The soil respiration rates were 463 
highest at day 2 and decreased over time. The cumulated respired C indicated that the 464 
non-solubilizing inoculant (NSI) may have respired about 30% of the C of glucose, 465 
while the P solubilizing inoculant (PSI) respired only 19% of the C of glucose after 12 466 
days of incubation time (apparent glucose respiration deduced by difference from 467 
respired C when glucose was added or not per inoculation treatment). 468 
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[Figure 4] 469 
3.4. Bacterial population sizes and sterility check on soil and roots  470 
In the PSI and NSI inoculation treatments of sterilized planted soil, the bacterial 471 
densities on roots and in soil were in the order of 8 log10 CFU g-1 (Table 4). In one 472 
replicate of the PSI inoculant treatment, one single colony with a divergent morphology 473 
was identified as Pseudomonas vagans (Table S 3). From root surfaces and planted 474 
soil of the PSI and NSI inoculation treatments with non-sterilized soil about 7 to 8 log10 475 
CFU g-1 soil of Pseudomonas were isolated (Table 4). 476 
[Table 4] 477 
In the PSI and NSI treatments of incubated soil, the cell densities of the inoculated wild 478 
type (PSI) and mutant (NSI) strains remained between 9.2 and 9.6 log10 CFU g-1 479 
throughout the incubation period and did not change in response to glucose addition 480 
(Table 5). Sequencing and BLAST analysis of some randomly chosen bacterial 481 
colonies of the PSI and NSI treatments confirmed that it was strain CHA0 that formed 482 
the CFU (Table S 3).  483 
Neither in the plant growth- nor in the incubation experiment any rifampicin-resistant P. 484 
protegens cells were recovered from the UI or the NSI treatments (Table 4, Table 5). 485 
The un-inoculated soils of the plant growth- and soil incubation experiments were 486 
largely free from bacterial contamination. Only in the plant growth experiment, bacterial 487 
cells could be isolated from the un-inoculated, γ-sterilized soil planted with wheat, yet 488 
only from the soil of two out of four replicates (Table 4). Sequencing of 16S rRNA gene 489 
and BLAST analysis of bacterial colonies with different colors revealed the presence of 490 
Paenibacillus hordei, Pae. kyungheensis or Pae. nicotianae, Pantoea agglomerans, 491 
Pa. vagans or Pa. ananatis and as Pseudomonas poae or P. trivalis (Table S 3). From 492 
the un-inoculated incubated soil no bacterial cells could be isolated (Table 5). 493 
In the planted un-inoculated non-sterilized soil, the abundance of soil endogenous 494 
Pseudomonas spp. was estimated to 5 to 6 log10 CFU g-1 by plating soil and root 495 
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suspensions on Pseudomonas-selective growth medium (Table 4). The growing 496 
colonies were identified as P. thivervalensis, P. prosekii or P. kilonensis (Table S 3). 497 
 [Table 5] 498 
4. Discussion 499 
Soil inoculation with the gluconic acid producing wild type P. protegens CHA0 (PSI) or 500 
with the non-solubilizing mutant (NSI) strain resulted in the same P uptake from Ca33P 501 
by wheat plants growing on the non-sterilized soil, i.e., in presence of soil endogenous 502 
microorganisms. Even when wheat was grown on sterilized soil, unexpectedly, the 503 
potentially gluconic acid producing PSI did not increase plant P uptake from fertilizer P 504 
compared to the NSI incapable of producing gluconic acid. In the planted soil, the 505 
fraction of fertilizer P differed neither in the water-extractable P, nor in resin-extractable 506 
P between the treatments of the PSI and the NSI, independent of the presence of soil 507 
endogenous microorganisms. 508 
In the following, we discuss persistence of the inoculant, and possible trade-offs in the 509 
glucose metabolism of strain CHA0 under microbial competition. Then, we discuss the 510 
P solubilization potential of strain CHA0 based on glucose concentrations to be 511 
expected in natural systems, which contributes to a better understanding of the 512 
discrepancy between in vitro and in vivo P solubilization assays.  513 
4.1. No P solubilization despite persistence of the bacterial inoculant 514 
The establishment and persistence of bacterial inoculant in the rhizosphere (Kucey et 515 
al., 1989; Bashan, 1998; Richardson, 2001) is considered a major hurdle for P 516 
solubilization which was also observed in our previous plant growth experiment lasting 517 
70 days (Meyer et al., 2017). In this study, however, the persistence of strain CHA0 518 
was not a reason for no additional solubilized P.  519 
The synthesis of gluconic acid was possibly reduced due to a resource allocation trade-520 
off in the glucose metabolism of strain CHA0. Strain CHA0 reacts towards competition 521 
with other soil microorganisms through synthesis of antimicrobial compounds, which 522 
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may reduce the pressure of microbial plant pathogens in what is known as soil disease 523 
suppressiveness (Haas and Keel, 2003). De Werra et al. (2009) showed that gluconic 524 
acid in the periplasmic space of strain CHA0 downregulates the synthesis of antibiotics, 525 
such as 2,4-diacetylphloroglucinol or pyoluteorin. Accordingly, the resource allocation 526 
trade-off favoring either the synthesis of gluconic acid via the direct oxidative pathway 527 
or the synthesis of secondary metabolites. Because the most efficient P solubilizing 528 
gram-negative bacteria use this same direct oxidative pathway as strain CHA0 529 
(Goldstein et al., 1999), quantifying this trade-off for the synthesis of gluconic acid 530 
might improve the understanding of inconsistencies in P solubilization by bacteria in 531 
plant-based assays and under field conditions, as reported by Richardson (2001) and 532 
Owen et al. (2015).  533 
The trade-off for the synthesis of gluconic acid by strain CHA0 should have been of 534 
minor importance in the treatment with γ-sterilized soil of the plant growth experiment. 535 
This is, because the inoculant was not in competition with endogenous soil 536 
microorganisms in the γ-sterilized planted soil, as molecular strain identification 537 
suggested very low cell density of probably seed-borne endophytic bacteria (Brady et 538 
al., 2009; Cottyn et al., 2009; Johnston-Monje and Raizada, 2011; Hardoim et al., 539 
2012; Kim et al., 2013; Von et al., 2014; Comby et al., 2016). 540 
The principle cause for the higher fertilizer recovery in shoots of the non-sterilized 541 
treatments than in the sterilized treatments is physicochemical induced dissolution. 542 
This is because soil γ-irradiation modifies the soil P kinetics (Bank et al., 2008) due to 543 
increased water-extractable P derived from cell lysis (Table S 1), and possibly lowers 544 
the physico-chemically mediated dissolution of Ca33P. However, biologically mediated 545 
P fluxes via mobilization could have contributed to the higher fertilizer recovery in 546 
shoots of the non-sterilized treatments, because soil contained additional P solubilizing 547 
bacteria (Table S 3). Isolated bacteria in the non-sterilized soil, i.e., P. trivialis and P. 548 
poae, exude gluconic acid (Vyas and Gulati, 2009) and are considered to have the 549 
potential to act as PSB (Khan et al., 2013). Interestingly, following glucose addition to a 550 
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grassland soil, soil endogenous P solubilizers became the dominant species in a study 551 
of Jing et al. (2017).  552 
4.2. No P solubilization by the bacterial inoculant with glucose availability 553 
relevant to soil-plant systems  554 
Strain CHA0 may have the potential to become effective to increase plant available P 555 
in soil via gluconic acid mediated P solubilization only with excessive carbon availability 556 
and low CaCO3 content.  557 
The P nutrition of wheat and consequently the quantity of organic C compounds 558 
exuded by the four wheat plants in this study was comparable to agricultural field 559 
conditions, under which the utilization of PSB is currently considered and promoted as 560 
a P fertilizer-saving strategy. Under such conditions, the amount of organic C 561 
compounds potentially available in the rhizosphere of wheat should be sufficient for P. 562 
protegens CHA0 to exude gluconic acid. In in vitro P solubilization assays gram-563 
negative bacteria using the direct oxidative glucose pathway solubilize P 564 
proportionately to the amount of available glucose (Meyer et al., 2017). In the 565 
rhizosphere all microorganisms compete for energy sources, which lowers the amount 566 
of glucose available to the PSB and consequently the amount of synthesized gluconic 567 
acid. However, organic C compounds released by wheat roots were exclusively 568 
available for the inoculant in the γ-sterilized soil of the plant growth experiment. The 569 
amount of carbon, and in consequence glucose exudation by roots is highly variable 570 
(Gunina and Kuzyakov, 2015; Kawasaki et al., 2016). Reported factors affecting 571 
quantitatively and qualitatively root exudates are plant species and growth conditions 572 
including the type of soil (Rovira, 1969; Jalali and Suryanarayana, 1971; Wang et al., 573 
2006; George et al., 2011). The nutritional P status of wheat in this study with a short 574 
growth duration was low but adequate according to Baker and Tucker (1973) and 575 
Reuter and Robinson (1997). The water-extractable P of the sterilized soil ranged 576 
around the levels, which are commonly found in P deficient agricultural soils of Europe 577 
(Gallet et al., 2003; Yli-Halla, 2016). In a study on wheat, P deficiency did not affect the 578 
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exudation of total carboxylates (Neumann and Römheld, 1999) in contrast to maize 579 
(Carvalhais et al., 2011), sorghum (Ratnayake et al., 1978) and pea (Deubel et al., 580 
2000). Still, the P derived from fertilizer (Pdff) in the plant shoots and the soil pools of 581 
the inoculated treatments indicated that no P became available due to gluconic acid 582 
mediated solubilization.  583 
The expected amount of organic C released by roots during 10 days of growth is 584 
apparently not sufficient for strain CHA0 to release significant amounts of P solubilizing 585 
gluconic acid. The amount of glucose added to the γ-sterilized incubated soil was high 586 
(Schneckenberger et al., 2008) and equal to the total organic C release by roots during 587 
10 days of growth (Kuzyakov and Domanski, 2000; Spohn et al., 2013). In the 588 
incubated soil, the explanatory hypothesis of the down regulation of the gluconic acid 589 
synthesis should be considered invalid. This is because the absence of cultivable 590 
bacterial cells in the soil of the control treatments (Table 5) suggests a very low level of 591 
microbial competition. The large amount of added glucose must have been nearly 592 
entirely available to the PSI, only reduced by soil pore connectedness and 593 
physicochemical adsorption. A solubilization of soil P instead of fertilizer P seems 594 
unlikely, given that the relative P derived from fertilizer in water- and/or resin-595 
extractable P was not reduced compared to the inoculation treatment with the mutant 596 
strain CHA1198. Still, no differences in the relative P derived from fertilizer and fertilizer 597 
P recovery in any soil P pool between the inoculation treatments with the wild type and 598 
mutant of P. protegens CHA0 were recorded. 599 
The large amount of glucose added to the sterilized, incubated soil was not sufficient 600 
for significant amount of gluconic acid production because of the high density of CHA0 601 
cells which reflects a situation of microbial competition for energy sources in soil as it 602 
occurs in fully biologically active soil. Low organic C availability has already been 603 
suggested by Kucey et al. (1989) as main limiting factor for P solubilization. Under 604 
conditions of depleting carbon availability glucose is metabolized via phosphorylation 605 
instead via direct oxidative glucose pathway and any previously released gluconic acid 606 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
   
24 
is taken up again and used as energy source, as shown for strain P. fluorescence 52-607 
1C (Fuhrer et al., 2005). Organic C concentrations high enough to trigger gluconic acid 608 
release by PSB may, in fact, only occur under artificial in vitro cultivation and testing 609 
conditions which do have very little in common with those encountered in soil with 610 
respect to chemical solutes. The same probably applies for population sizes and 611 
activity of PSB (Gyaneshwar et al., 1998; Khan et al., 2009; Richardson and Simpson, 612 
2011; Bashan et al., 2013). Still, assuming that a P solubilization experiment would 613 
have been conducted in the pore water of the γ-sterilized soil of this study, comparison 614 
with in vitro P solubilization can at least provide some information regarding the 615 
relevance of such P solubilization test in NBRIP growth medium. The D-glucose added 616 
to the incubated soil would be equal to 1.75 g C L-1 soil water based on the soil water 617 
content. Such a glucose concentration would have resulted in 0.35 g solubilized P L-1 618 
from tricalcium-P (TCP, 1 g total P L-1) with 8 log10 CFU ml-1 in liquid National Botanical 619 
Research Institute's phosphate growth medium (NBRIP) according to Meyer et al. 620 
(2017). From TCP used in in vitro assays and the Ca33P fertilizer used in this study, 621 
about 10% of the total P is resin-extractable (Table S 2) and therefore plant available 622 
(Cross and Schlesinger, 1995). Thus, solubilization of non-plant available P of 0.25 g P 623 
L-1 would have been expected in the soil pore water. However, the cell density in the 624 
inoculated incubated soil was 10 times the density of a standard in vitro P solubilization 625 
and consequently the glucose concentration was 10 times lower per CFU. Considering 626 
the amount of available carbon and microbial cell density in the rhizosphere, it seems 627 
that P solubilization rates determined by in vitro assays with the standard glucose 628 
concertation (4 g C L-1) and standard cell density (8 log10 CFU ml-1) are serious 629 
overestimations (Gyaneshwar et al., 1998; Bashan et al., 2013).  630 
The presumably small quantity of gluconic acid released by strain CHA0 to chelate 631 
Ca33P was possibly buffered by CaCO3 in the calcareous soil and therefore did not 632 
cause significant changes in fertilizer P recovery in any soil P pool. The difference in 633 
the daily soil respiration rate between the PSI and NSI treatments at day 2 could be an 634 
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indication that strain CHA0 synthesized some gluconic acid during the first two days 635 
(Figure 4). Chelation is an important driver for P solubilization with organic acid 636 
(Kpomblekou-A and Tabatabai, 1994) while the accompanying proton with the small 637 
quantity of released gluconic acid is expected to be of minor importance in alkaline 638 
soils depending on the buffering capacity (Deubel et al., 2000). Still, the effectiveness 639 
of citric acid in calcareous soil is reduced due to sorption to solid soil surfaces (Jones, 640 
1998; Ström et al., 2001) and due to microbial degradation (Ström et al., 2005). Even 641 
though the fate of gluconic acid in calcareous soil has not been studied (Jones and 642 
Oburger, 2011), we would expect similar reactions, which would lead to lower 643 
effectiveness of gluconic acid for P solubilization. Moreover, gluconic acid could have 644 
chelated Ca2+ of CaCO3 in the calcareous soil instead of the calcium of the fertilizer. 645 
The findings of the only two studies which used tracers to assess P solubilization by 646 
PSB in soil-plant systems support the explanatory hypothesis of CaCO3 chelation 647 
instead of CaP chelation. Azcon-Aguilar et al. (1986) could not record any P 648 
solubilization by two PSB in soil containing 50 g CaCO3 kg-1 soil, while Barea et al. 649 
(2002) detected P solubilization by an Enterobacter sp. in a Cambisol with neutral soil 650 
pH containing no CaCO3. This suggests, that an increase in gluconic acid synthesized 651 
by PSB would become effective to solubilize P only after all CaCO3 in the rhizosphere 652 
reacted with the chelator. This would require an important chelation power and/or a 653 
large amount of gluconic acid. Using carbon rich carrier material could at least increase 654 
the amount of synthesized organic acid as shown by Vassilev et al. (2006). 655 
Another reason for the apparent ineffectiveness of gluconic acid could be precipitation 656 
of newly formed Ca-P compounds. In this scenario, gluconic acid would effectively 657 
chelate Ca33P, but the solubilized 33P would immediately re-precipitate with Ca2+ 658 
present in the soil solution unless the Ca+2 is complexed with gluconic acid. Re-659 
precipitation of solubilized fertilizer P would increase the fertilizer P recovery in the HCl-660 
extractable soil P pool, but we could not detect any significant increase compared to 661 
the NSI treatments with the mutant strain (Figure S 4). 662 
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Overall microbial activity of the inoculants was more effective in solubilizing Ca33P than 663 
any potential synthesized gluconic acid by strain CHA0. The fertilizer P recovery in the 664 
water-extractable P of the incubation experiment was greater in both inoculation 665 
treatments compared to that in the UI treatment. This difference increased further as a 666 
consequence of glucose addition to the soil which also increased soil respiration. At the 667 
same time, also the relative P derived from fertilizer in the water-extractable P in the 668 
PSI and NSI treatments increased with glucose addition. Because this was not seen in 669 
the UI treatments, it seems that the fertilizer P came into soil solution following 670 
acidification by bacterial respiration and proton extrusion and was not due to soil 671 
derived physico-chemically induced process caused by changes in P pool size.  672 
5. Conclusion 673 
The strain CHA0 P. protegens was not able to increase plant P uptake from Ca33P in 674 
calcareous soil despite of its persistence in soil and on roots. Therefore, we propose 675 
the following factors to likely have impaired P solubilization by P. protegens CHA0 in 676 
the utilized calcareous soil: 1) insufficient organic C availability to bring glucose into the 677 
direct oxidative pathway in the periplasmic space by which gluconic acid is generated; 678 
2) low effectiveness of gluconic acid in calcareous soil due to sorption and biological 679 
degradation processes or due to dissolution of CaCO3 rather than CaP. These factors 680 
are usually not accounted for in in vitro P solubilization assays. If in vitro tests are 681 
further to be used for testing PSB, we strongly advise to lower the glucose 682 
concentration in the NBRIP growth medium by a factor of two, to inoculate the medium 683 
with a range of cell densities and to add CaCO3 if the isolated PSB are to be effective 684 
in calcareous soils. Overall, we confirm the outcome of our previous study using the 33P 685 
dilution method indicating that strain CHA0 is not able to solubilize P in calcareous soil 686 
despite high P solubilization effectiveness in in vitro assays. Furthermore, this study 687 
showed that plant growth experiments should be performed using 33P as a tracer and 688 
that appropriate controls need to be used also with respect to the organisms and 689 
functions involved in testing (cf, wild type / mutant inoculant approach). If we had not 690 
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used the mutant, we would have come to a wrong conclusion regarding the 691 
mechanisms of P solubilization of the wild type. Hence, we conclude that promoting the 692 
activity of soil endogenous microorganisms may be a more effective approach towards 693 
a better use of P fertilizers and soil P pools than inoculating PSB to already 694 
microbiologically active soil.  695 
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8. Tables 960 
Table 1 Experimental design of the plant growth- and the soil incubation 961 
experiment to assess phosphorus (P) solubilization by Pseudomonas protegens 962 
CHA0. The plant growth experiment was conducted for 20 days with wheat seedlings 963 
grown on non-sterilized and sterilized soil inoculated either with the P solubilizing wild 964 
type inoculant Pseudomonas protegens CHA0 (PSI) or a non-solubilizing mutant 965 
inoculant (NSI) not able to synthesize gluconic acid or was left un-inoculated (UI). The 966 
Incubation experiment was conducted with sterilized soil without (-G) or with (+G) 967 
glucose addition as carbon source and inoculated either with PSI, NSI or UI. 968 
Experiment Soil Carbon source Inoculant Inoculation 
densityⱡ 
Sampling 
Plant 
growth 
Non-
sterilized 
Wheat plant 
seedlings 
Un-Inoc. (UI) 
Non-solubilizing Inoc. 
(NSI) 
P solubilizing Inoc. (PSI) 
 
7 log10 CFU g-1 
soil 
7 log10 CFU g-1 
soil 
After 20 days 
Sterilized 
Incubation Sterilized None (-G) Un-Inoc. (UI) 
Non-solubilizing Inoc. 
(NSI) 
P solubilizing Inoc. (PSI) 
 
9 log10 CFU g-1 
soil 
9 log10 CFU g-1 
soil 
At day 2, 5 and 
10  
Glucose (+G) 
ⱡCFU stands for colony fuming units 969 
  970 
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Table 2 Plant biomass and phosphorus (P) uptake by wheat plant seedlings in 971 
the plant growth experiment. Shoot dry matter (DM), shoot P concentration (P conc.), 972 
shoot P uptake, root DM and root to shoot ratio of wheat seedlings grown for 20 days 973 
are shown. Non-sterilized or sterilized soil (S) was used which was as either inoculated 974 
(I) with the P solubilizing wild type inoculant Pseudomonas protegens CHA0 (PSI) or a 975 
non-solubilizing mutant inoculant (NSI) not able to synthesize gluconic acid or was left 976 
un-inoculated (UI).  977 
Soil Inoculant Shoot  Root  Root to shoot 
ratio 
DMⱡ  P conc. ⱡⱡ  P uptake  DM  
g kg-1 soil  µg g-1 DM  µg kg-1 soil  g kg-1 soil  
Non-sterilized UI 0.40 Ab  2406 b  976  0.153  0.39  
NSI 0.44 Aa  2478 b  1083  0.167  0.39  
PSI 0.42 Ab  2615 b  1107  0.141  0.33  
                
Sterilized UI 0.30 Bb   2926 a  880  0.185  0.62  
 NSI 0.37 Ba  2589 b  947  0.196  0.53  
 PSI 0.35 Bab  2615 b  903  0.176  0.51  
                
SEM  0.02   67   58   0.011   0.04  
Significance level (p):              
S  ***   **   **   **   ***  
I  *   ns   ns   ns   ns  
S×I ns   **   ns   ns   ns  
ns: not significant, *p<0.05, **p<0.01, ***p<0.001. SEM stands for standard error of a 978 
mean. 979 
ⱡDifferent capital letters within columns denote significant differences at p<0.05 among 980 
soil treatments while different lower case letters denote significant differences at 981 
p<0.05 among inoculation treatments within a soil treatment.  982 
ⱡⱡDifferent lower case letters within column denote significant differences at p<0.05 983 
among all treatments (interaction effects).984 
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Table 3 Phosphorus (P) concentration and P derived from the fertilizer of soil pools in the plant growth experiment. The 985 
concentration in water-extractable P (Pw, mg P kg-1 soil), resin-extractable P (Pres) and microbial P (Pmic) and P derived from fertilizer 986 
(Pdff) in those pools after the wheat growth period of 20 days. Non-sterilized or sterilized soil (S) was used which was as either inoculated 987 
(I) with the P solubilizing wild type inoculant Pseudomonas protegens CHA0 (PSI) or a non-solubilizing mutant inoculant (NSI) not able to 988 
synthesize gluconic acid or was left un-inoculated (UI). 989 
Soil Inoculant Water-extractable P  Resin-extractable P  Microbial P 
  Pwⱡ  %PdffPw  PdffPw  Presⱡ  %PdffPresⱡ  PdffPresⱡ  Pmicⱡ  PdffPmic 
  mg P kg-1 soil  % of Pw  µg kg-1 soil  mg P kg-1 soil  % of Pres  mg P kg-1 soil  mg P kg-1 soil  mg P kg-1 soil 
Non-sterilized UI 0.76 c  10.4   78   6.7 c  9.6 b  0.66 c  5.1 a  0.5 
 NSI 0.77 c  9.3   72   7.4 c  8.6 b  0.64 c  4.6 a  n.d. 
 PSI 0.73 c  8.1   60   6.5 c  6.6 b  0.43 c  4.4 a  n.d. 
Sterilized UI 1.89 a  5.2   97   13.1  a  9.1 b  1.19 b  n.d.   n.d. 
 NSI 1.64 b  5.7   93   11.1  b  13.3 a  1.48 ab  1.3 b  n.d. 
 PSI 1.60 b  5.2   84   11.0  b  14.2 a  1.57 a  1.9 b  n.d 
SEM  0.05  0.8  11  0.3  0.7  0.07  0.4   
Significance level (p):                
S  ***  ***  *  ***  ns  ***  ns   
I  *  ns  ns  **  ns  ns  ns   
S×I *  ns  ns  **  *  **  ***   
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ns: not significant, *p<0.05, **p<0.01, ***p<0.001. n.d.: not detectable. SEM stands for standard error of a mean. 990 
ⱡDifferent lower case letters within columns denote significant differences at p<0.05 among all treatments (interaction effects). 991 
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Table 4 Population sizes of the inoculated, soil endogenous and putatively seed-992 
born bacteria in soil and root of the plant growth experiment after 20 days. Wheat 993 
seedlings were grown in non-sterilized or sterilized soil inoculated either with the P 994 
solubilizing wild type inoculant Pseudomonas protegens CHA0 (PSI) or a non-995 
solubilizing mutant inoculant (NSI) not able to synthesize gluconic acid or was left un-996 
inoculated (UI). At the end of the experiment, cultivable cells of the PSI were monitored 997 
on the strain-selective rifampicin-amended King’s B+++rif (KB+++rif) medium and of the 998 
NSI on Pseudomonas selective King’s B+++ (KB+++). Un-sterilized UI treatment: colonies 999 
grown on KB+++ represent soil endogenous pseudomonads. Sterilized UI treatment: 1000 
colonies grown on universal NA medium represent bacterial contaminants, possibly 1001 
derived from seeds and identified by 16S rRNA gene sequencing of colony type 1002 
representatives (Table S 3).  1003 
Soil 
Inoculan
t 
Media 
Percentage of replicates 
with detected cells (%)  
Cell densityⱡ 
(log10 CFU g-1) 
Soil  Root 
 
Soil   Root 
  
 
    
Ø SD   Ø SE 
Non-
sterilized 
UI KB+++ 100  100  5.0 ±0.2  6.2 ±1.0 
 KB+++rif 0  0  n.d.   n.d.  
NSI KB+++ 100  100  7.9 ±0.2  6.1 ±0.6 
 KB+++rif 0  0  n.d.   n.d.  
PSI KB+++ 100  100  7.8 ±0.3 a  7.4 ±0.2 b 
 KB+++rif 100  100  6.9 ±0.2 b  7.9 ±0.3 a 
Sterilize
d 
UI NA 50  0 
 
5.8 ±1.3ⱡⱡ 
 
n.d. 
 
 
KB+++ 0  0 
 
n.d. 
  
n.d. 
 
  KB+++rif 0  0   n.d.     n.d.   
NSI NA 100  100 
 
8.5 ±0.2  
 
8.6 ±0.4 
 
KB+++ 100  100 
 
8.8 ±0.1  
 
8.5 ±0.4 
  KB+++rif 0  0             
PSI NA 100  100 
 
8.7 ±0.4 a 
 
8.6 ±0.5 
 
KB+++ 100  100 
 
9 ±0.1 a 
 
8.4 ±0.4 
  KB+++rif 100  100   7.8 ±0.1 b    8.3 ±0.2 
SD stands for standard deviation of n = number of replicates with detected cells; n.d. 1004 
stands for not detectable. 1005 
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ⱡDifferent letters denote significant differences at p<0.05 within an inoculation treatment 1006 
ⱡⱡStandard deviation of n=2 treatment replicates  1007 
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Table 5 Persistence of inoculant cells in the soil incubation experiment. The 1008 
persistence of the P solubilizing wild type inoculant Pseudomonas protegens CHA0 (PSI) and a 1009 
non-solubilizing mutant inoculant (NSI) not able to synthetize gluconic acid was tested in soil 1010 
without (-G) or with (-G) addition of glucose. Bacteria were inoculated at a cell density of 9 1011 
log10 colony forming units (CFU) g-1 soil and cell numbers were monitored after 2, 6 and 1012 
10 days of incubation by plating soil suspensions on rifampicin-amended King’s B+++rif 1013 
(KB+++rif) medium selective for the PSI, and on King’s B+++ (KB+++) selective for 1014 
Pseudomonas. In order to verify the sterility of the soil, soil suspensions of the un-1015 
inoculated (UI) treatment were additionally plated on universal nutrient agar (NA). 1016 
Glucose Inoculant Media Day 2  Day 6  Day 10 
Cell density 
log10 CFU g-1 soil 
-G 
 
UI NA n.d.   n.d.   n.d.  
 KB+++ n.d.   n.d.   n.d.  
 KB+++rif n.d.   n.d.   n.d.  
NSI KB+++ 9.6 ±0.5  9.2 ±0.1  9.6 ±0.2 
 KB+++rif n.d.   n.d.   n.d.  
PSI KB+++ 9.2 ±0.1  9.4 ±0.1  9.4 ±0.1 
 KB+++rif 9.4 ±0.1  9.5 ±0.2  9.3 ±0.1 
+G UI NA n.d.   n.d.   n.d.  
 KB+++ n.d.   n.d.   n.d.  
 KB+++rif n.d.   n.d.   n.d.  
NSI KB+++ 9.6 ±0.2  9.6 ±0.1  9.6 ±0.1 
 KB+++rif n.d.   n.d.   n.d.  
PSI KB+++ 9.6 ±0.1  9.5 ±0.04  9.5 ±0.1 
 KB+++rif 9.4 ±0.1  9.6 ±0.03  9.5 ±0.2 
n.d. stands for not detectable. 1017 
 1018 
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9. Figures 1019 
  1020 
Figure 1 Plant phosphorus (P) uptake in the plant growth experiment. Phosphorus 1021 
derived from fertilizer (Pdff, mg P kg-1 soil) and from soil and seed (Pdfs, mg P kg-1 soil) 1022 
in shoots of wheat seedling grown on the non-sterilized or on the sterilized soil as 1023 
affected by inoculation of either the P solubilizing wild type inoculant Pseudomonas 1024 
protegens CHA0 (PSI) or a non-solubilizing mutant inoculant (NSI) not able to 1025 
synthesize gluconic acid or left un-inoculated (UI). Error bars indicate standard error of 1026 
a mean. Different letters denote significant differences at p<0.05 within P source. 1027 
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 1028 
Figure 2 Phosphorus (P) derived from soil and fertilizer in the water-extractable 1029 
soil pool over time in the incubation experiment. P derived from fertilizer (Pdff) and 1030 
from soil (Pdfs) in water-extractable P (Pw, mg P kg-1 soil) at day 2, 6 and 10 in the 1031 
sterilized incubated soil are shown. Glucose was either not added (-G) or added (+G) 1032 
to the soils, which were inoculated with either the P solubilizing wild type inoculant 1033 
Pseudomonas protegens CHA0 (PSI) or a non-solubilizing mutant inoculant (NSI) not 1034 
able to synthesize gluconic acid or left un-inoculated (UI). Error bars within a time point 1035 
represent standard error of a mean. Different letters denote significant differences at 1036 
p<0.05 within time point and P source.  1037 
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 1038 
Figure 3 Phosphorus (P) derived from soil and fertilizer in the resin-extractable 1039 
soil pool over time in the incubation experiment. P derived from fertilizer (Pdff) and 1040 
from soil (Pdfs) in soil resin-extractable P (Pres, mg P kg-1 soil) at day 2, 6 and 10 in 1041 
the sterilized incubated soil are shown. Glucose was either not added (-G) or added 1042 
(+G) to the soils, which were inoculated with either the P solubilizing wild type inoculant 1043 
Pseudomonas protegens CHA0 (PSI) or a non-solubilizing mutant inoculant (NSI) not 1044 
able to synthesize gluconic acid or left un-inoculated (UI). Error bars within a time point 1045 
represent standard error of a mean. Different letters denote significant differences at 1046 
p<0.05 within time point and P source.  1047 
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 1048 
Figure 4 Effect of glucose addition and bacterial inoculation on soil respiration in 1049 
the incubation experiment. Daily (mg C kg-1 soil day-1) [left] and cumulated soil 1050 
respiration (mg C kg-1 soil) [right] of sterilized soil to which either no glucose (-G) or 1051 
glucose was added (+G) and which was either inoculated with the P solubilizing wild 1052 
type inoculant Pseudomonas protegens CHA0 (PSI) or a non-solubilizing mutant 1053 
inoculant (NSI) not able to synthesize gluconic acid or left un-inoculated (UI). Error bars 1054 
represent standard deviation of four replicates. Different letters denote significant 1055 
differences at p<0.05 within time point. 1056 
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Pseudomonas protegens CHA0 does not increase phosphorus 1 
uptake from 33P labeled synthetic hydroxyapatite by wheat 2 
grown on calcareous soil 3 
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Highlights 12 
• P. protegens CHA0 wild type did not increase Ca33P solubilization in soil compared to its 13 
mutant 14 
• Microbial competition was not a limiting factor for P solubilization 15 
• Glucose addition did not increase P solubilization by the wild type 16 
• Overall microbial activity increased inorganic P mobilization 17 
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